Doppler broadening in thermal ensembles degrades the absorption cross-section and the coherence time of collective excitations. In two photon transitions, it is common to assume that this problem becomes worse with larger wavelength mismatch. Here we identify an opposite mechanism, where such wavelength mismatch leads to cancellation of Doppler broadening via the counteracting effects of velocity-dependent light-shifts and Doppler shifts. We show that this effect is general, common to both absorption and transparency resonances, and favorably scales with wavelength mismatch. We experimentally confirm the enhancement of transitions for different low-lying orbitals in rubidium atoms and use calculations to extrapolate to high-lying Rydberg orbitals. These calculations predict a dramatic enhancement of absorption, up to one-third that of ultracold ensembles, even in the presence of large homogeneous broadening. The mechanism we study can be applied as well for rephasing spin waves and increasing the coherence time of quantum memories.
Doppler broadening is ubiquitous in atomic and molecular spectroscopy. Atoms and molecules with different thermal velocities experience different Doppler shifts, which broaden the absorption lines and reduce their contrast [1] . Increasing the light intensity typically causes further broadening due to saturation or other power-broadening mechanisms, such as inhomogeneous light-shifts. These broadening or dephasing mechanisms are major limiting factors, particularly in the field of quantum optics with atomic ensembles [2] [3] [4] [5] [6] . For instance, the coherence time of collective excitations in atomic gasses is often limited by Doppler dephasing, hindering the performance of single-photon sources and memories [7] [8] [9] . As Doppler broadening is an inhomogeneous dephasing mechanism, one can potentially counteract it by introducing additional velocitydependent shifts [10] [11] [12] [13] . Here we identify an important class of systems where such counteraction occurs naturally, without the need of additional auxiliary fields.
Coherent two-photon processes, such as Raman transitions, two-photon absorption, and electromagnetically induced transparency (EIT), are at the heart of many quantum-optics protocols, ranging from quantum light sources and memories [14] [15] [16] [17] to sensing and quantum non-linear optics [18] . The canonical example of a threelevel system employed for these processes is the Λ configuration, where two long-lived ground states are coupled via an intermediate excited state. In these systems, two-photon transitions are usually characterized by negligible residual Doppler broadening, as the nearlydegenerate transition wavelengths experience opposite Doppler shifts [19] . Particularly in a degenerate Λ system under EIT conditions, atoms at all velocities con-tribute to slowing down light and storing it [20] . Moreover, the coherence formed between the two lower states is usually long-lived, which further contributes to narrow linewidths. This class of systems can thus operate coherently at room temperature, making it a viable quantum technology platform [21] . (c) Measured two-photon absorption spectra (∆ = 650 MHz) exhibiting power narrowing. As the power is increased, the linewidth decreases and the absorption increases, up to an optimal power (black spectrum), after which the line broadens.
Another practical, though less studied, three-level system is the ladder configuration [22] , where the intermediate state is coupled to an even higher excited state [ Fig. 1 (b) ]. Ladder-type systems were recently shown to be advantageous for broadband, noise-free, photon storage [7, 8] , and they form the basis for quantum nonlinear optics with Rydberg atoms [18] . Nevertheless, a major caveat in ladder-type systems is the residual Doppler broadening due to wavelength mismatch of the two optical transitions, which leads to significant dephasing and broadening of the two-photon resonance [23] .
Here, we demonstrate and study power narrowing of two-color two-photon excitations in ladder systems, i.e. the cancellation of residual Doppler broadening by lightshifts. We find the conditions under which the spectra of these systems present resonances with no motional broadening and high contrast. Power narrowing and the resulting line enhancement are observed for both twophoton absorption and EIT resonances. We provide a model which reproduces the observations and explains them in terms of velocity-dependent light-shifts, generated by the excitation light. Finally, we use the same model to extend this observation to two-color excitation of high lying Rydberg states, which are typically characterized by large wavelength mismatch. We show that power narrowing becomes even more significant in this case, and the resulting two-photon absorption is greatly enhanced.
System.-We study the absorption spectrum of a weak probe beam, counter-propagating a strong control beam with Rabi frequency Ω in a thermal vapor cell, as depicted in Fig. 1(a,b) . The wave-numbers of the probe and control are k and k c , respectively. We define the unitless parameter q = k c /k − 1, which quantifies the wavelength mismatch and thus the magnitude of the residual Doppler broadening qkv T , where v T is the atomic thermal velocity. The homogeneous decoherence rates of the intermediate and excited states are Γ and γ, respectively. A two-photon resonance appears when the two-photon detuning δ is close to zero. It has the form of a transmission line due to EIT when the detuning of the control from the intermediate level ∆ is close to zero and an absorption line due to two-photon absorption when ∆ is large. The control power can be varied, and, for each power, the probe frequency is scanned to obtain an absorption spectrum [see Fig. 1 Experimental results.-The experiment is performed in a magnetically-shielded 10-mm long 87 Rb cell at a temperature of 70
• C. We measure the linewidth of the two-photon resonances as a function of control power for both two-photon absorption ( two-photon transition, for which k = 2π/(780 nm) and k c = 2π/(776 nm), and for the 5S 1/2 → 7S 1/2 , for which k = 2π/(780 nm) and k c = 2π/(741 nm). The different transitions are thus characterized by a wavelength mismatch q = 5 · 10 −3 and q = 5 · 10 −2 , respectively. For the two-photon absorption measurements, we set the one-photon detuning to ∆ = 1180 MHz for q = 5 · 10 −3 and to ∆ = 650 MHz for q = 5 · 10 −2 . In the absence of power broadening, the main decoherence mechanisms in these atomic systems are residual Doppler broadening (qkv T ; inhomogeneous), as well as radiative lifetime, laser noise, and transit-time broadening which add up to the homogeneous decoherence rate γ. In our experiment, qkv T = 1.28 MHz and 2γ = 2.48 MHz for q = 5 · 10 −3 ; qkv T = 12.45 MHz and 2γ = 3.93 MHz for q = 5 · 10 −2 . The one-photon homogeneous decoherence rate is 2Γ = 6 MHz. Generally the two broadening terms combine to form so-called Voigt line-shapes, whose calculated widths are marked by dashed lines in Fig. 2(b) . Nevertheless, as Figs. (2) and (3) show, we find over a broad range of control powers that the measured linewidths of the two-photon resonances are narrower than the expected Voigt widths. These measurements agree well with full numerical calculations of the three-level susceptibility, integrated over all atomic velocities [shown as solid lines in Figs. (2) and (3)].
For the two-photon absorption resonance (Fig. 2) , we find that increasing the control power does not lead to power broadening but rather narrows the measured absorption line. The linewidth reaches its minimal value around
for both transitions. The relative narrowing scales with q. Consequently the peak absorption increases, surpasses that calculated for q = 0 [black curve in Fig. 2(a) ], and, in the q = 5 · 10 −2 case, even surpasses the one-photon absorption α 0 Γ/(kv T 2/π). Here, α 0 is the resonant absorption cross-section of stationary atoms. This shows that power narrowing is not a velocity-selective process, but rather engages many velocity groups in the absorption at the same detuning, thus serving as a resource for strong light-matter interaction.
For the EIT resonance (Fig. 3) , we find at low control powers that the transparency window for the twocolor case (q > 0) is narrower and deeper than that expected for the degenerate case (q = 0). In fact, in the colored areas marked in Fig. 3(b) , the linewidth is even narrower than the homogeneous linewidth 2γ. This subhomogeneous feature is associated with the emergence of enhanced absorption features around the transparency line, as described in the model presented in the next section and reproduced by a full numerical calculation, see Fig. 4(b) .
Model.-In a thermal ensemble, the one-photon resonances are broadened due to the Maxwell-Boltzmann distribution f (v) = (2πv
T ) of atomic velocities v. We consider the typical regime for hot atoms, where the resulting Doppler broadening dominates the linewidth k c v T , kv T Γ. For describing the three-level system, we first examine the far-detuned limit ∆ Γ, where resonant two-photon absorption occurs. We consider the vast majority of the atoms with velocities v satisfying |∆ − kv| Γ for which the absorption spectrum is given by [20] 
describing the two-photon absorption line.
(∆+kv) 2 is the power-broadened width. The two terms in the denominator that shift the two-photon resonance are the residual Doppler shift, associated with the two-photon momentum transfer qk, and the velocitydependent light-shift induced by the control field. When integrating over all velocities α(δ) = dvf (v)α(δ, v), these shifts typically result in broadening and attenuation of the absorption line. One finds however that these two terms have opposite signs when q > 0 in a counterpropagating configuration. The net two-photon shift has a minimum, around which different velocities contribute to the absorption at the same frequency. Notably, for a large enough detuning ∆ kv, the light-shift is linear in velocity
2 )kv, and a complete cancellation of Doppler broadening is achieved when Ω 2 /∆ 2 = q, in excellent agreement with the experimental result of Eq. (1).
As the Rabi frequency is increased from 0 up to this value, the resonance linewidth decreases, manifesting power narrowing. For a larger wavelength mismatch q, the mutual cancellation of the velocity-dependent lightshift and the residual Doppler shift occurs at larger Rabi frequencies, closer to the saturation of the two-photon transition, resulting in an even more striking spectral narrowing and enhancement of absorption. Thus, counterintuitively, the wavelength mismatch q is in fact a re- . For q > 0, a significant fraction of the atomic velocities contribute to the absorption at the same frequency. The velocity-integrated absorption spectra (bottom, solid blue) are compared against those naively expected due to only homogeneous dechoerence (dashed green for q = 0) and due to residual Doppler broadening (dashed red for q > 0). (b) The same calculations are repeated for the EIT resonance when ∆ = 0. Here for q > 0, the edges of the transparency window exhibit pronounced absorption peaks, which correspond to 'turning points' of the maximal absorption in the velocity-detuning space.
source in this class of systems, since a larger Doppler shift can counteract the inhomogeneous light-shift at larger control powers.
In Fig. 4(a) , we compare by numerical calculations the absorption spectra of a Doppler-free system (q = 0) with that of a two-color system (q > 0). Naively, one may expect the former to exhibit the narrow homogeneous line (dashed green in the bottom panel), and the latter to have a broader line with width on the order of kqv T (red dashed line). In practice however, in the q > 0 case, many velocity groups contribute to the absorption at the same frequency around the condition specified by Eq. (1), whereas in the q = 0 case, inhomogeneous lightshift broadens and attenuates the absorption line.
We now turn to examine the EIT regime ∆ = 0, where the two-photon resonances appear as transparency lines rather than absorption lines. Surprisingly, here as well, we find that the power narrowing mechanism in the q > 0 case leads to an EIT line narrower and deeper than its equivalent in the q = 0 case. The calculated spectrum for this regime is shown in Fig. 4(b) . The spectrum is comprised of many Autler-Townes doublets with different splittings and detunings, and a transparency window is formed at the narrow region where none of the velocity groups absorb light. For most velocity groups, the Doppler shift satisfies kv Γ, and thus Eq. (2) holds with ∆ = 0,
The counteracting effects of light-shift and Doppler shift result in enhanced absorption features around the central transparency window [Fig. 4(b) bottom]. Furthermore, many velocities which would otherwise contribute to resonant absorption now contribute to transparency, thus enhancing the EIT contrast.
Discussion.-For given detuning ∆ and wavelength mismatch q > 0, the magnitude of power narrowing and the absorption enhancement are bounded by the ratio of inhomogeneous to homogeneous broadening. In the experimental results presented here, terms such as laser linewidth and transit-time broadening constitute a significant fraction of the homogeneous width, on top of the natural lifetime. Improving these factors would further increase the achievable power narrowing.
While power narrowing of the two-photon absorption resonance results in an enhanced absorption (thus enabling stronger light-matter interaction), a similar mechanism in the EIT resonance results in enhanced transparency contrast and narrow linewidth. These features would lead to a smaller group-velocity of light pulses propagating through such media.
The effect of power narrowing scales favorably with the wavelength mismatch in these two-color systems. It can therefore play an important role in systems that suffer from residual Doppler broadening comparable to the optical Doppler broadening, such as that calculated in Fig. 5 with q = 0.6. This case represents an important configuration of a two-photon transition to high-lying Rydberg states in Rubidium with k = 2π/(780 nm) and k c = 2π/(480 nm) [18] . In Fig. 5 , we compare this case to the configurations with smaller wavelength mismatch q, which were experimentally confirmed in this work (Fig. 2) . To do so, we use a similar homogeneous width of 1 MHz. As the wavelength mismatch increases, the mutual cancellation of Doppler shifts and velocity-dependent light-shifts occurs at larger powers. This provides for a more significant narrowing and an enhanced absorption, approaching that of stationary atoms even when assuming homogeneous broadening which is large compared to typical radiative decay rates of Rydberg states. The substantial enhancement is attributed to the saturation of the two-photon transition at high powers, where ΓΩ 2 /∆ 2 γ for all atoms. Finally, while we have studied here the cancellation of Doppler broadening in continuous wave spectroscopy, akin to Rabi spectroscopy, the same rephasing mechanism should also apply to pulsed schemes, akin to Ramsey spectroscopy. Importantly, one could eliminate Doppler dephasing of collective excitations in pulsed light-storage schemes by applying a rephasing powernarrowing field during storage.
Conclusion.-We have identified a class of systems where two inhomogeneous broadening mechanismsvelocity-dependent light-shift and Doppler shift -counteract each other. For low driving powers, the twophoton absorption-line becomes narrower with increasing power, up to the point of complete cancellation of Doppler broadening, and only then broadens as typically occurs with power broadening. A similar mechanism plays an important role in narrowing and enhancing of the EIT resonance of these two-photon transitions, which would enhance processes based on slow light. An important distinction between the power narrowing mechanism and other spectral-narrowing phenomena is that power narrowing engages many velocity groups in the resonant process and is, in principle, not velocity selective.
